Introduction
Oxytocin (OT) stimulates myometrial contractility to favour parturition (Fuchs et al., 1982) . During pregnancy, myometrial OT receptors (OTR) increase in number (Fuchs et al., 1984; Rivera et al., 1990; Bossmar et al., 1994) . In this tissue, OTR activate phospholipase C (PLC) and the production of inositol 1,4,5-trisphosphate (IP 3 ), leading to intracellular calcium mobilization (Schrey et al., 1986; Molnár and Hertelendy, 1990; Thornton et al., 1992; Phaneuf et al., 1993) . Continuous exposure of human myometrial cells to OT leads to a very significant loss in their capacity to respond to OT (Phaneuf et al., 1994) . OT-induced desensitization is concentration-dependent and is characterized by a reduction in the number of OT binding sites on intact myometrial cells (Phaneuf et al., 1994; G.Asbóth, S.Phaneuf, Melin and López Bernal, unpublished data) . Desensitization to OT has also been reported after prolonged in-vivo and in-vitro exposure to OT (Engstrom et al., 1988; Eiler et al., 1989; Insel et al., 1992; Sheldrick and Flick-Smith, 1993; Di Scala-Guenot and Strosser, 1995) . In human myometrial cells, OT-induced desensitization is homologous, i.e. it does not affect the response to other agonists, such as prostaglandins or fluoroaluminate (which stimulates G-proteins directly), nor does it involve changes in PLC activation downstream of the OTR (Phaneuf et al., 1994) . Hormonal receptor desensitization involves a sequence of events which have been well characterized for the β-adrenoceptor system: (i) uncoupling of G-proteins from receptors, (ii) phosphorylation of receptors, (iii) their sequestration and (iv) finally down-regulation of receptors (defined as a decrease of the total number of cellular receptors; Liggett and Lefkowitz, 1994) . The intracellular mechanisms of OT-induced desensitization are not understood and may involve internalization, sequestration and/or degradation of OTR protein, reduced translation and/or increased degradation of OTR mRNA.
In the present study, we determined the time course of OT-induced desensitization by measuring OT binding sites, the amount of OTR protein and the concentration of OTR messenger RNA (mRNA) in myometrial cells. We also analysed the amount of OTR mRNA in myometrial specimens obtained at the time of emergency Caesarean sections during labour.
Investigations on the myometrium and oxytocin receptors
Collection and culture of myometrium Pregnant term labouring human myometrium was taken from the upper border of the uterine incision during lowersegment Caesarean sections performed for dystocia, fetal distress and failure to progress. Samples of myometrium from non-pregnant premenopausal women were obtained at hysterectomy performed for benign gynaecological disorders such as menorrhagia or dysmenorrhoea. The uteri were excised longitudinally and samples were taken from the middle of the uterine wall about 5 mm from the endometrial and serosal surfaces. This investigation had the approval of the Central Oxfordshire Research Ethics Committee.
Fresh non-pregnant myometrium was dispersed enzymatically and the myocytes were cultured in Waymouth MB 752/1 containing 10% (by volume) fetal calf serum, 100 IU penicillin/ml and 100 µg streptomycin/ml as described previously (Phaneuf et al., 1993) . To induce desensitization, OT was added directly to the culture medium for the time indicated in the figure legends. For incubation periods longer than 24 h, addition of OT was repeated every 24 h. For OT binding studies, the myometrial cells were cultured on 13 mm diameter glass coverslips. The removal of bound OT following the desensitization period was carried out by washing the cells twice in 2 ml of Hanks' balanced salt solution (HBSS) for 15 min at room temperature as previously described (Phaneuf et al., 1994) .
Binding of oxytocin and characterization of receptor responses

OT binding
OT binding to whole cells was performed as described earlier (Phaneuf et al., 1994) . Briefly, myometrial cells grown on glass coverslips were incubated with [ 3 H]oxytocin [tyrosyl 2,6-3 H]oxytocin, 60 Ci/mmol, Du Pont-New England, Nuclear, Stevenage, Herts, UK) in HBSS complemented with 1 mg/ml fatty acid-free bovine serum albumin (BSA) for 60 min at room temperature. Non-specific binding was measured in the presence of 10 µM unlabelled OT. Free and bound OT were separated by washing the coverslips three times in ice-cold HBSS. Saturation analysis was carried out using [ 3 H]OT concentrations between 0.156 and 20 nM.
Western blotting
Myocytes were harvested with trypsin-EDTA at 37°C and washed with HBSS. The pellet was resuspended in 400 µl sodium dodecyl sulphate (SDS) sample buffer (8 M urea, 5% SDS, 8% dithiothreitol and 50 mM Tris pH 6.8) and passed through a 25-gauge needle to disrupt the cells . Immunodetection of OTR was carried out with the monoclonal antibody 2F8 (Ito et al., 1996) diluted at 1.4 µg/ml in phosphate-buffered saline (PBS), using 3% skimmed milk as blocking agent. 2F8 was revealed with a peroxidase-conjugated rabbit anti-mouse antibody (diluted 1:1000). Enhanced-ChemiLuminescense (ECL; Amersham International PLC, Aylesbury, Bucks, UK) detection was carried out using Kodak X-Omat XAR film. Data were obtained under conditions in which a linear relationship existed between the amount of protein loaded and the intensity of the ECL signal.
Flow cytometry
Myocytes were harvested with trypsin-EDTA as above and the cells were resuspended in PBS containing 0.1% BSA (PBS-BSA). Approximately 500 × 10 3 cells were incubated with primary antibodies in 100 µl of PGN (PBS containing 20 mM glucose and 5% normal human serum) on ice for 50 min at the following dilutions: W6/32, 1:100 (Dako, Ely, Cambs, UK); mouse IgM (Coulter Clone, Luton, Beds, UK) and 2F8, 1:30. The cells were then washed with 1 ml of PBS-BSA and incubated with fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin (Ig; 1:50, Dako) in 50 µl of PGN for 40 min on ice in the dark. Finally, the cells were washed with PBS-BSA and resuspended in PBS supplemented with 2% FCS, 0.1% NaN 3 and 50 µg/ml propidium iodide (PI). Samples of 20 × 10 3 cells were analysed with an EPICS Elite flow cytometer (Coulter Corporation) fitted with an air-cooled laser emitting at 488 nm, at 15 mW laser power. Dead cells were excluded by gating out the PI-positive cells (<15%). In order to standardize the experiments and to compensate for day-to-day instrumental variations, Standard-Brite calibration beads (Coulter) were used and their mean channel brightness was set at 74.
RNA isolation and preparation of OTR probe
Total RNA was prepared from tissue specimens or cultured cells by the guanidium isothiocyanate/caesium chloride method (Chirgwin et al., 1979) .
Reverse transcription was carried with AMV-reverse transcriptase (Invitrogen, Groningen, The Netherlands) using oligo(dT) primers. PCR was performed with primers OTR-forward 1230-5′GGACGCCTTTCTTCTTCG3′-1247 and OTR-reverse 1962-3′CTGGAGTCTACCCT-TCCC5′-1945, generating a 733 bp fragment (numbering is based on the OTR cDNA sequence published in Kimura et al., 1992) . The PCR reaction was 94°C for 5 min, then 30 cycles of 94°C for 1 min, 64°C for 1 min and 72°C for 3 min, with a final elongation step at 72°C for 5 min. The specificity of this amplification product was initially confirmed by specific restriction digests with RsaI, KpnI, BsaHI and Eco0109I, which all give the expected restriction fragment (data not shown). The primers were shown not to amplify a product from genomic DNA.
The 733 bp OTR fragment was gel purified (Geneclean; BIO 101 Inc., La Jolla, CA, USA) and ligated into the pCRtII vector using the TA cloning kit (Invitrogen). This cDNA was used to produce radiolabelled cDNA and cRNA probes for use in Northern analysis and RNase protection assay respectively.
RNase protection assay
Plasmid vector pCRtII containing the OTR fragment was linearized and used as a template for T7 polymerase to generate a radiolabelled cRNA probe of 621 b (consisting of 89 b of pCRtII vector and 532 b of OTR fragment) using the Riboprobe ® in-vitro Transcription System (Promega). A human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) riboprobe of 227 b was also transcribed, using T3 polymerase, and used as an internal loading control.
Total RNA (10 µg) was ethanol-precipitated in the presence of 10 5 cpm OTR and GAPDH riboprobes in the presence of 20 µg tRNA. A sample containing tRNA alone was also included in each experiment as a negative control. Hybridization and RNase treatment were carried out with the RNase Protection Assay kit (Promega) by standard methods. The [ 32 P]RNA fragments were resolved by electrophoresis on pre-warmed 6% denaturing polyacrylamide gels containing 8.0M urea. After electrophoresis, the gels were fixed, dried and exposed to Kodak XAR-5 film for suitable exposure times (4-24 h). Autoradiographs were analysed by scanning on a Bio Image densitometer.
Northern analysis
Total RNA was prepared as described above and 12-25 µg samples electrophoresed through 1.2% agarose/formaldehyde gels containing 20 mM MOPS, 1 mM EDTA, 5 mM sodium acetate, pH 7.0. RNA was transferred to Hybond-N (Amersham International plc) by Northern blotting. Membranes were prehybridized at 42°C for 24 h in 50% deionized formamide, 4× SSC, 5× Denhardt's solution, 1% SDS and 0.1 mg/ml sheared herring testis DNA. Hybridization was carried out at 42°C for 24 h in the same buffer with the probe labelled at approximately 1 × 10 6 cpm/ml using a Megaprimet DNA labelling system (Amersham). Following hybridization, the blots were washed to a stringency of 0.5× SSC, 0.5% SDS at 65°C before exposure to Kodak XAR-5 film. After suitable exposure times (24-72 h), autoradiographs were analysed by scanning on a Bio Image densitometer (Millipore).
Competitive RT-PCR
The competitive reverse transcriptase-polymerase chain reaction (RT-PCR) assay was based on the method of Celi et al. (1993) . A 679 bp internal quantitative DNA standard was generated from OTR cDNA by PCR using the following primers: (i) the 18-mer OTR-forward primer (bases 1230-1247 of OTR cDNA) and (ii) a composite 39-mer reverse primer made of bases 1871-1891 of OTR with 18 bases of the OTR-reverse primer described above (bases 1945-1962) at its 5i end. The standard DNA was purified with the QIAquick PCR purification kit (Qiagen Ltd, Crawley, W.Sussex, UK), quantitated by spectrophotometry, and diluted to 100 attomol per µl in 10 µg glycogen per ml. For use in the first series of competitive PCR assays, 1:8 dilutions of RT products (0.1 µg total RNA/µl) were mixed with consecutive 1:10 dilutions of the standard DNA, down to 0.001 attomol/µl. A second series of competitive PCR assays was carried out with consecutive 1:2 dilutions of the standard DNA. The PCR reactions were carried out under the same conditions as described in the 'RNA isolation and preparation of OTR probe' section above. RNA from each patient was assayed three times. Samples were loaded on 2% agarose gels containing 1 µg ethidium bromide per ml, and photographed under UV illumination. 
Data analysis
All experiments carried out on cultured cells were repeated using myocytes obtained from two or three different donors. Measurements performed on myometrial tissues were repeated three times for each patient. Binding experiments were carried out with at least four replicates. Statistical comparisons were performed with non-parametric tests (Mann-Whitney). Differences were considered significant if P < 0.05. Data were plotted using the computer program Prism (GraphPad Software Inc. San Diego, CA, USA).
Observations on oxytocin binding and receptor turnover Effect of OT treatment on OT binding and OTR density in myometrial cells
OT binding was measured in intact human myometrial cells following treatment with 1 µM OT. As shown in Figure 1 , treatments with OT for up to 6 h had little effect on OT binding; longer treatments produced statistically significant decreases in OT binding, which reached, after 20 h, a new steady state of only 20% of the initial binding level. The early time points in this time-course (up to 6 h) provide evidence that when we measured the [ 3 H]OT binding there was no residual OT from the treatment period that might interfere in the binding assay. Saturation studies after 24 h of treatment revealed that the number of receptor We then used Western blotting to measure the OTR protein in myometrial cell extracts following treatment with OT. Figure 3 shows immunodetection of OTR using the monoclonal antibody 2F8 (Ito et al., 1996; Kimura et al., 1996) . In myometrial cells in culture, this antibody revealed two immunoreactive polypeptides with molecular mass of 70 and 56 kDa. Treatment of cells for 24 h (Figure 3) did not change the concentration of OTR protein compared to control cells.
We carried out flow cytometry experiments with the antibody 2F8 to evaluate the proportion of externally exposed OTR in intact cells (2F8 is an IgM raised against the extracellular N-terminus of OTR; see Ito et al., 1996) . Figure 4 shows that similar 2F8 fluorescent signals were found in control and OT-treated cells. The signal for the antibody W6/32, specific for the major histocompatibility complex HLA class I antigen, was not changed by the treatment with OT, nor was that of the negative control, mouse IgM.
Effect of OT treatment on OTR mRNA levels in myometrial cells
Receptor mRNA destabilization is an important pathway of receptor down-regulation. We therefore investigated whether OTR desensitization was accompanied by mRNA degradation. OTR mRNA obtained from OT-treated myometrial cells was analysed by RNase protection assay. As shown in Figure 5 , the expression of OTR mRNA in cells treated with OT for 24 or 48 h was approximately 10-20% of the initial value at time '0'. The protected 120 b GAPDH fragment was used as an internal control to normalize the level of OTR mRNA between different samples. A more detailed time course revealed that the fall in OTR mRNA occurred at between 6 and 15 h of exposure to OT (not shown).
Analysis of OTR mRNA by Northern blotting gave similar results. In cells treated for 24, 48 and 72 h, the amount of OTR mRNA was decreased by 70-80% but the proportion of each polyadenylated OTR mRNA species did not change (data not shown).
OTR mRNA concentrations during the course of labour
OTR mRNA concentration of myometrial samples obtained from patients undergoing emergency Caesarean sections during the course of labour was measured using a competitive RT-PCR assay. Firstly, myometrial mRNA Figure 6 . Analysis of oxytocin receptor (OTR) mRNA by reverse transcriptase-polymerase chain reaction (RT-PCR) using homologous competitive cDNA. Myometrial mRNA from two patients was reverse transcribed and the resulting cDNA was used as a template for PCR amplification in the presence of decreasing amounts of a homologous cDNA competitor fragment (679 bp). The OTR fragment is 734 bp in size. The samples were run on a 2% agarose gel and stained with ethidium bromide. from various patients was reverse transcribed and the resulting cDNA was used as a template for PCR amplification in the presence of decreasing amounts of a homologous cDNA competitor fragment and the OTRforward and -reverse primers. The PCR fragments produced from the OTR cDNA and the competitor had 734 and 679 bp respectively. After agarose gel electrophoresis, the ethidium bromide staining intensity of OTR and competitor fragments was compared; it was assumed that when the staining was equal, their concentration was also equal. In Figure 6 , the competitive RT-PCR assay indicates that the sample from patient A contained ~1 attomol of OTR cDNA, while the sample from patient B contained <0.5 attomol of OTR cDNA.
Analysis of myometrial OTR mRNA in samples from 17 patients showed a decrease in the amount of OTR mRNA with advancing labour (Figure 7) . The myometrial samples obtained after 12 h of labour contained approximately 50 times less OTR mRNA than samples obtained from patients in labour for <12 h.
Oxytocin receptor desensitization and mRNA down-regulation
The present study demonstrates that in human myometrial cells exposed to OT, OTR desensitization is accompanied by OTR mRNA down-regulation. In previous studies we have shown that OT-stimulated activation of PLC and [Ca 2+ ] i increase are reduced by ~70% following OT treatment of the cells for 12-24 h (Phaneuf et al., 1994) . We now show that, during this homologous desensitization, the number of cell surface OT-binding sites in myometrial cells decreases significantly but their affinity remains unchanged. In contrast, the total amount of receptor protein Figure 7 . Quantitation of myometrial oxytocin receptor (OTR) mRNA from patients in labour by reverse transcriptase-polymerase chain reaction (RT-PCR) using homologous competitive cDNA. Myometrial mRNA from patients undergoing emergency Caesarean sections during labour was reverse transcribed and the resulting cDNA was used as a template for PCR amplification in the presence of decreasing amounts of a homologous cDNA competitor fragment. The data are shown as mean ± SEM. Myometrial tissue obtained from patients in labour for ≤12 h (n = 13) contained significantly less OTR mRNA compared to tissue obtained from patients in labour for >12 h (n = 4) (P < 0.01, Mann-Whitney two-tailed t-test).
as measured by Western blotting and flow cytometry does not change after OT treatment of the cells. Finally, our data suggest that OTR desensitization might occur in vivo during the course of labour. Indeed, the mRNA coding for OTR is reduced by ~50-fold when labour lasts for longer than 12 h.
The OTR has some homology with receptors for vasopressin (AVP) (Kimura et al., 1992) , and both OTR and AVP receptors are present in human non-pregnant and pregnant myometrium (Ivanisevic et al., 1989) . The data of the present study are attributed mainly to OTR, and the contribution of AVP receptors to the binding of OT would be negligible (Maggi et al., 1990 (Maggi et al., , 1994 Bossmar et al., 1994; Phaneuf et al., 1994) .
Desensitization of receptor-mediated signal transduction pathways occurs in many systems. For example, loss of responsiveness of muscarinic, α-adrenergic, β-adrenergic and several other receptors is due to (i) phosphorylation of the receptors (Lefkowitz et al., 1990) by either protein kinase C (PKC) and/or G-protein coupled receptor kinases (GRK) (Hosey, 1994; Premont et al., 1995) and (ii) binding of β-arrestins to the receptor (Lefkowitz et al., 1992) . Sequestration of the receptor mediated by β-arrestins appears important for the resensitization process resulting from their dephosphorylation in endosomes (Ferguson et al., 1996) . Our results show a clear loss of responsiveness to OT after prolonged treatment with the agonist but no reduction in the total amount of cell surface OTR protein. The decreased OT response may be mediated by at least two events: phosphorylation of OTR by a GRK or PKC, and uncoupling of OTR from G-proteins mediating activation of the PLC pathway. At the moment, no information is available on OTR phosphorylation but its primary sequence shows a number of possible phosphorylation sites in its intracellular domains (Kimura et al., 1992) . Moreover, PKC activation reduces OT responsiveness, but the target for PKC action has not yet been determined Phaneuf et al., 1996) . On the other hand, OT-mediated desensitization of astroglial cells is accompanied by G-protein uncoupling from OTR (Di Scala-Guenot and Strosser, 1995) and it is well established that G-protein uncoupling reduces the affinity of several receptor types for agonists but not antagonists (Kwatra et al., 1987) . The present study also shows that internalization of OTR does not occur after exposure of myometrial cells to OT. Other cell types, such as Chinese hamster ovary (CHO) cells, have been shown to display little internalization during muscarinic receptor desensitization (Yang et al., 1993) . On the other hand, differences in the glycosylation of OTR would not explain the differences we observed in OT binding as suggested by the site-directed mutagenesis study published by Kimura et al. (1997) .
Down-regulation of receptor mRNA is another feature of agonist-promoted regulation which occurs during homologous desensitization. Messenger RNA coding for many receptors in a variety of cell types are downregulated: metabotropic glutamate receptor, GnRH, m2-and m3-mAChRs, β 1 -and β 2 -adrenergic receptor exposed to selective agonists (Collins et al., 1989; Fukamauchi et al., 1991; Bessho et al., 1993; Babouth and Malbon, 1994; Lerrant et al., 1995) . The in-vitro OTR mRNA down-regulation presented here is detectable after >6 h of exposure to OT. Similar time courses have been described for vasopressin and bombesin receptors in Swiss 3T3 cells (Millar and Rozengurt, 1989) . On the other hand, in Chinese hamster fibroblasts transfected with human receptor cDNA, β 3 -adrenoceptor mRNA decreases only transiently after 2 h (20% reduction) but no change is observed after 24 h (Nantel et al., 1994) . In contrast, β 3 -adrenoceptor expressed in murine Lkt -cells shows a rapid desensitization: its mRNA decreases by 60% after agonist exposure for only 1 h (Nantel et al., 1994) . Other receptors whose mRNA is rapidly down-regulated during homologous desensitization include the thyrotrophinreleasing hormone receptor, β 2 -adrenoceptor and α 1B -adrenoceptor, all of which decrease by 70-80% within the first 2-4 h of agonist exposure (Oron et al., 1987; Hough and Chuang, 1990; Izzo et al., 1994) .
The mechanisms of destabilization of mRNA during desensitization processes are not well defined. The current hypotheses include transcriptional suppression and destabilization of mRNA by (i) RNA binding proteins such as β-ARB (Port et al., 1992; Babouth and Malbon, 1994) , (ii) cleavage of RNA sequences with destabilizing motif AUUUA by a RNase E-like activity (Wennborg et al., 1995) , (iii) mRNA deadenylation due to the presence of the nonamer UUAUUUAUU (Zubiaga et al., 1995) , (iv) induction of the cAMP response element modulator (CREM) gene (Stehle et al., 1995) , and (v) induction of the inducible cAMP early repressor (ICER) isoform of the CREM gene (Lalli and Sassone-Corsi, 1995) . The latter two examples would not apply to the OT pathway because OT does not activate cAMP formation in human myometrial cells (Phaneuf et al., 1993) .
An important clinical consequence of desensitization is the relative or complete resistance of the tissue to agonists when they are present for an extended period of time. Our in-vitro data suggest that OTR desensitization is a slow process, taking several hours to develop. This contrasts with several receptor types which are desensitized and/or down-regulated within minutes (Lefkowitz et al., 1990; Hosey, 1994; Premont et al., 1995) . Slow OTR desensitization might be an important feature of the receptor which would allow the myometrium to maintain a high level of responsiveness to OT for several hours during active labour. Our data on myometrial samples from Caesarean section during labour show an important decrease of OTR mRNA during long episodes of labour. This might represent in-vivo desensitization of OTR. It is tempting to speculate that failure to progress in labour and failed induction of labour with OT might be a consequence of altered (e.g. accelerated) OTR desensitization. On the other hand, OT augmentation of labour is associated with uterine atony (Clark et al., 1984) and long episodes of labour induction may result in post-partum atony where bleeding cannot be stopped by intravenous OT infusion (Jouppila, 1995) . However, OT-induced desensitization is homologous (Phaneuf et al., 1994) and the uterus should remain responsive to other uterotonic agents, e.g. prostaglandins.
Myometrial OT binding sites decrease during normal labour, suggesting that the myometrium undergoes desensitization (Fuchs et al., 1984; Rivera et al., 1990; Bossmar et al., 1994) . Fuchs et al. (1984) argue against this concept because infusions of rats with large doses of OT for 2-4 h did not reduce myometrial OT binding site concentrations compared to non-infused rats (Fuchs et al., 1983) . They attributed the fall of receptors in human myometrium to stretching of the lower uterine segment during the progress of labour and obtaining the myometrial sample close to the cervix, where the density of smooth muscle cells is lower (Fuchs et al., 1983) . However, the fall in myometrial OT binding sites has also been observed during spontaneous preterm labour even when cervical dilatation was small (Rivera et al., 1990; Bossmar et al., 1994; López Bernal et al., 1995) . OT is secreted in pulses during labour (Chard and Gibbens, 1983; Fuchs et al., 1991) and this may be a mechanism to protect the myometrium from desensitization to OT. Moreover, induction of labour by pulsatile infusion of OT is more effective than continuous infusion (Dawood, 1995) and requires lower doses of OT (Pavlou et al., 1978; Odem et al., 1988; Willcourt et al., 1994) .
Further investigation is needed to understand the mechanisms involved in myometrial OTR protein desensitization and mRNA down-regulation.
